Background/Aims: Recently, we established a high serum IgA-prone inbred (HIGA) mouse strain as a murine model of spontaneous IgA nephropathy by selective mating of high serum IgA ddY mice, and found that they showed enhanced production of glomerular extracellular matrix components with increased expression of TGF-ß mRNA and protein in the kidneys. In this study, we examined the roles of lymphocytes in the development of high serum IgA in this strain. Methods: We performed flow cytometric analyses of T and B cells in splenic mononuclear cells (SMNCs) from these mice using BALB/c mice as normal controls. We also compared serum TGF-ß1 concentrations and TGF-ß mRNA expression levels in the B-cell-depleted (T-cell-rich) fraction of SMNCs in these mice. Results: HIGA mice showed significantly fewer CD3-positive cells compared with BALB/c mice when young, but not when aged. The CD4/CD8 ratio of HIGA mice was lower than that of BALB/c mice, but this difference was not significant. Although the number of B220-positive cells did not vary significantly, the ratio of surface IgA-positive B cells was significantly increased in both young and adult HIGA mice. The B-cell-depleted SMNCs from HIGA mice exhibited higher levels of expression of TGF-ß and TGF-ß1 mRNA than controls from a young age, which were maintained throughout life, but there were no differences in PDGF, MCP-1 or bFGF expression between these two strains. In contrast to local mRNA expression, serum TGF-ß1 concentration was decreased in HIGA mice compared with BALB/c controls. Conclusion: These findings suggest that the mating procedure performed to establish HIGA mice selected for a unique phenotype of local up-regulation of TGF-ß production in the kidneys, as well as T cells that may contribute to both the early and consistently high serum IgA expression and enhanced production of renal extracellular matrix components in HIGA mice. Additionally, TGF-ß1 may act locally, not systemically, in a paracrine or autocrine manner.
Introduction
IgA nephropathy is the most common form of glomerulonephritis, and its pathogenesis has still not been completely elucidated. There have been a number of studies for establishing appropriate animal model systems to study IgA nephropathy to improve our understanding of the disease, and several experimental models have been established by passive administration of IgA immune complexes [1] , and oral [2] or parenteral [3] antigen attack. Although these models have contributed much to the current understanding of IgA nephropathy, especially factors initiating the disease, they have not demonstrated the pathogenic mechanism of the glomerulosclerosis following initial lesion of IgA nephropathy. Models that spontaneously develop glomerulonephritis mimicking human IgA nephropathy may provide more relevant information for determining the progression of this disease in humans. Among the available animal models, ddY mice have been reported to spontaneously develop mesangioproliferative glomerulonephritis with glomerular IgA deposition after 40 weeks of age [4, 5] . However, the incidence of disease in these mice is not very high and there are marked individual differences, possibly because they are not from an inbred strain.
Recently, we developed an IgA nephropathy-prone inbred mouse strain through selective breeding of ddY mice, using elevated serum IgA as the selection marker [6] because high serum IgA levels were frequently associated with mesangial IgA deposition in aged ddY mice [4, 7] . A serologically and immunopathologically unique strain of high serum IgA-prone (HIGA) mice was established. The major characteristics of these HIGA mice in the twelfth generation compared with normal BALB/c mice are as follows [6] : (1) High serum IgA levels from the age of 10 through 60 weeks. (2) Marked accumulation of mesangial matrix with early and prevalent deposition of polymeric IgA in the mesangial area. (3) Polyclonal expansion of serum IgA in contrast to highly limited acidic IgA in the glomeruli. (4) Consistently heterogeneous retroviral gp70 involvement in the glomeruli and sera, as seen in ddY mice [5] . (5) Markedly increased levels of expression of all type I and IV collagens, fibronectin, and TGF-ß mRNA from 10 weeks of age in the kidney tissue, with increased accumulation of proteins except for type I collagen in the glomeruli relative to BALB/c mice and to wild type ddY mice [7, 8] .
These findings closely mimicked human IgA nephropathy with glomerulosclerosis, and indicated that this new inbred strain of mice could be used as a murine model of this disease.
In this study, to clarify the abnormalities in the cellular immune system as a pathogenic background for the spontaneous development of high serum IgA and glomerulosclerotic lesions in HIGA mice, the T-and B-cell subsets of SMNCs from these animals and from BALB/c mice, as normal controls, were analyzed. Furthermore, TGF-ß mRNA expression in these cells was also investigated because TGF-ß is one of the factors that stimulate B cell class switching to surface IgA-positive (sIgA+) cells, and also enhances the accumulation of various extracellular matrix components resulting in glomerular sclerotic lesions. We also analyzed serum levels of TGF-ß1 protein in these mice to clarify whether TGF-ß acts systemically or locally in a paracrine or autocrine manner.
Materials and Methods

Mice
High IgA ddY (HIGA) mice were established by selective mating of ddY mice as described previously [9] . Briefly, 52 female and male outbred strain ddY mice at 8 weeks of age (Japan SLC Inc., Shizuoka, Japan) were bred as a wild colony (Generation 0: G0) and maintained at the Animal Laboratories of Nippon-Shinyaku Pharmaceutical Co. Ltd. (Kyoto, Japan). Six single-pairs with high serum IgA were selected for mating at an age of 4 months. The offspring of the first generation (G1) had higher serum IgA levels than those of G0. Thus, an average of six single-pair matings were performed up to generation 14 (G14). At G12, analysis of serum IgA concentration with age was performed. Significantly higher levels of serum IgA, from as early an age as 10 weeks compared with BALB/c mice (p ! 0.01), and even greater levels in 25-week-olds (p ! 0.0001) were shown. These levels were maintained until age 60 weeks (p ! 0.05). In this study, generation 14 (G14) was used as HIGA mice. Agematched BALB/c mice and wild-type ddY mice were purchased from Clea Japan Co. Ltd. (Tokyo, Japan).
Enzyme-Linked Immunosorbent Assay (ELISA)
The 10-to 15-week-old mice were used as the young group, and 40-to 50-week-old mice were used as the adult group. Each group consisted of 10 mice. Serum IgA or IgG concentrations were measured by ELISA. Flat-bottomed 96-well ELISA plates (Sumitomo Bakelite, Tokyo, Japan) were coated with 50 Ìl 10 Ìg/ml goat antimouse IgA or IgG (Organon Teknika N.V., Durham, N.C., USA) at 4°C overnight, washed three times with 0.05% Tween in PBS, blocked with 50 Ìl 0.5% BSA in PBS at room temperature for over 4 h.
Samples were diluted 10,000-fold by 2% BSA containing PBS, and a 50-Ìl aliquot was applied to each well. The plates were then incubated at 4°C overnight, washed three times with 0.05% Tween in PBS, incubated with 50 Ìl/well 10 Ìg/ml goat antimouse IgA-alkaline phosphatase conjugate (Organon Teknika) at 4°C for 6 h, and developed with substrate tablets according to the manufacturer's protocol as described previously [7] . The mouse myeloma IgG and IgA (Organon Teknika) were used as standard protein. Standard mouse IgG was barely detectable by ELISA assay for IgA and vice versa. The standard curve was approximated to the function below using Delta-Oyama et al. 
Preparation of Cell Suspensions
Blood samples were aspirated from the heart lumen of anesthetized mice, then the spleens and kidneys were removed. Spleen cell suspensions were treated with 0.15 M NH 4 Cl, 10.0 mM KHCO 3 and 0.1 mM Na 2 EDTA solution (pH 7.3) to lyse the red blood cells [10] . More than 90% cell viability was verified by the trypan blue exclusion method, and cells were resuspended in Hank's balanced salt solution (HBSS) containing 10% FCS at a concentration of 2.0 ! 10 7 /ml.
To remove B lymphocytes, the cell suspensions (5.0 ! 10 7 cells/ ml) were incubated in a nylon wool column (Nacalai Tesque, Tokyo, Japan) for 1 h at 37°C in humidified 5% CO 2 air [11, 12] . More than 90% of the cells were CD3-positive (CD3+) as confirmed by flow cytometry.
Flow Cytometric Analysis
Nine young (10-to 15-week-old) HIGA mice, 7 young BALB/c mice, 10 adult (40-to 50-week-old) HIGA mice and 8 adult BALB/c mice were used in this study. FITC-labeled monoclonal rat antimouse CD3, R-phycoerythrin (RPE)-labeled rat antimouse CD4, RPE-labeled rat antimouse CD8, and RPE-labeled rat anti-mouse B220 antibodies were purchased from Caltag Laboratories (San Francisco, Calif., USA). Polyclonal goat antimouse IgA and antimouse IgG, unlabeled or labeled with FITC or alkaline phosphatase, and FITC-labeled polyclonal goat antihuman albumin antibodies were also purchased from Organon Teknika.
Aliquots of cell suspensions (50 Ìl) were incubated with the FITC-or RPE-labeled antibodies for 20 min on ice. The appropriate concentration of antibody was determined according to the manufacturer's instruction and by preliminary examination in order to classify 'positive' cells and 'negative' cells clearly. FITC-labeled monoclonal rat antimouse CD3 antibodies were used to identify the total T-cell population. RPE-labeled anti-B220 antibodies were used for identification of B cells. FITC-labeled polyclonal rat antimouse IgA antibodies were used to detect sIgA+ cells. FITC-labeled rat antihuman albumin-FITC was used as a negative control. After washing with cold HBSS without serum, cells were resuspended and fixed in 1% paraformaldehyde in PBS, pH 7.4, until analyzed. The stained cells were analyzed by FACScan (Becton Dickinson, Mountain View, Calif., USA).
Immunohistochemical Staining of CD4+ and CD8+ Cells Infiltrating the Glomeruli
The glomerular infiltrations of CD4-positive (CD4+) and CD8-positive (CD8+) cells were identified using the Vectastain ® avidinbiotin complex (ABC) kit (Vector Laboratories, Burlingame, Calif., USA) using rat antimouse CD4 antibody and rat antimouse CD8 antibody (Southern Biotechnology, Birmingham, Ala., USA) for the primary antibody according to the manufacturer's protocol. 2-Ìm frozen sections were stained and glomerular infiltrating CD4+ or CD8+ cells were counted in the entire cross section and expressed as the average number of cells per glomerulus.
Northern Blotting Analysis
Total RNA of SMNCs was extracted using the guanidinium isothiocyanate-phenolchloroform extraction method [13] with some minor modifications. The RNA was quantified by determination of its absorbance at 260 nm (A 260 ), and samples with A 260 /A 280 ratios greater than 1.9 were used. RNA obtained from 6 mice was pooled and analyzed. We also analyzed total RNA of SMNCs without B cell removal individually. Aliquots of 10 Ìg total RNA were electrophoresed in 1% agarose formaldehyde gel containing 20 mM 3-(N-monopholino) sulfonic acid (MOPS), 8 mM sodium acetate and 1 mM EDTA, transferred by capillary blotting onto nylon membranes (Pall Biosupport, East Hills, N.Y., USA), and fixed under a UV lamp at 0.25 J/cm 2 . The membranes were air-dried at 65°C and stored in a desiccator at room temperature until use.
cDNA probes for GAPDH (American Type Culture Collection, Rockville, Md., USA), bFGF (a gift from Dr. J.M. Herbert, University of California, San Francisco, Calif., USA), PDGF-B chain (a gift from Dr. D.F. Bowen-Pope, University of Washington, Wash., USA), MCP-1 (a gift from Prof. K. Matsushima, Tokyo University, Japan, and Dr. N. Mukaida, Kanazawa University, Japan), TGF-ß1 (a gift from Prof. T. Nakamura, Osaka University, Japan) and TGF-ß (a gift from Dr. T. Takahashi, Tokyo Metropolitan Institute of Gerontology, Tokyo, Japan) were labeled with [·-32 P]-deoxycytidine 5-triphosphate (3,000 Ci/mmol, NEN research products, Wilmington, Del., USA) using a random primer DNA labeling kit (Boehringer Mannheim GmbH, Mannheim, Germany). After prehybridization, the blots were hybridized in 0.6 M sodium chloride, 0.06 M sodium citrate, 0.1% Ficoll 400, 0.1% polyvinylpyrolidone, 0.1% bovine serum albumin, 0.5% sodium dodecyl sulfate (SDS), 0.1 M Tris and 0.05 M EDTA, 5% dextran sulfate, 0.1 mg/ml salmon sperm DNA and 0.1 mg/ml poly A containing 1.0 ! 10 6 counts per ml of 32 Plabeled probe at 65°C overnight. The washed and air-dried membranes were exposed to a type BAS-III imaging plate (Fuji Film Co. Ltd., Tokyo, Japan) which was then analyzed using a Fujix BAS-2000II (Fuji Film).
Measurement of Serum TGF-ß1 Concentration
Serum TGF-ß1 concentration was measured by ELISA. Syringes (2.5 ml), needles, pipette tips and 1.5-ml microtubes were siliconized because TGF-ß binds readily to glass or plastic. Serum samples (890 Ìl) were aspirated from the hearts of chloroform-anesthetized mice using 2.5-ml syringes containing 100 Ìl 38 mg/ml citrate and 10 Ìl prostaglandin-E 1 (Sigma), mixed well and then transferred to 1.5-ml siliconized microtubes and centrifuged at 3,000 rpm for 10 min, as instructed by the manufacturer. The supernatant was recovered and stored at -80°C until use. TGF-ß1 was measured using a Predicta TGF-ß1 kit (Genzyme). In this study, 15-and 60-week-old HIGA and BALB/c mice were used.
Statistical Analysis
Two-way ANOVA test (classifying age and strain as independent variables) was used for statistical analyses except for serum IgA and IgG analyses, which were performed with the Student's t test, and p ! 0.05 was considered significant. 
Results
Serum IgA and IgG
The findings of ELISA for IgA and IgG are shown in figure 1 . The concentration of IgA was significantly higher in HIGA and wild-type ddY than in BALB/c mice, in both young (28.
than BALB/c mice. There were very large individual variances among wild-type ddY mice compared with HIGA mice, which were generated by selective mating of ddY mice, or BALB/c mice. Table 1 shows the findings of flow cytometric analyses of the ratio of total T and B cells detected as CD3-positive (CD3+) and B220-positive (B220+) cells, respectively, in the SMNCs from each group of young and adult HIGA and BALB/c mice. The percentage of CD3+ cells in total SMNCs was significantly lower in young HIGA mice than in young BALB/c mice (35.1 B 5.8 and 52.7 B 10.9%, respectively; p ! 0.001). On the other hand, although there was a significant decrease of CD3+ cell ratio in adult BALB/c mice (p ! 0.0001), HIGA mice showed almost no reduction with age. In contrast, there was no significant difference in the percentage of B220+ cells in SMNCs between young HIGA and BALB/c mice, although there were slight increases with age in both strains.
Flow Cytometric Analysis of SMNCs: Total T-and B-Cell Ratios in SMNCs
T-Cell Subset Analysis
As shown in table 2, the ratio of CD4+ cells in CD3+ spleen cells was significantly greater, and that of CD8+ cells was significantly lower in young mice compared with adult mice in both HIGA and BALB/c strains. These findings indicate significant decreases in the CD4/CD8 ratio with age in both strains (3.91 B 0.64 to 0.86 B 0.14, p ! 0.0001, in HIGA, or 4.39 B 1.94 to 0.91 B 0.45, p ! 0.0001, in BALB/c mice). The CD4/CD8 ratio was decreased in HIGA compared with BALB/c mice, but the difference was not significant. There was also no significant difference in the ratio of CD4+ or CD8+ cells between HIGA and BALB/c strains. Table 3 shows the ratio of sIgA+ cells in the total B-cell population. A significantly higher percentage was noted in HIGA than in BALB/c mice in both young (2.82 B 0.73 and 1.70 B 0.24%, respectively; p ! 0.005) and adult animals (2.27 B 0.53 and 0.90 B 0.45%, respectively; p ! 0.0001). It should be noted that in HIGA mice the sIgA+ B-cell ratio was maintained until old age. Conversely, a significant decrease in the ratio was observed in BALB/c mice in the adult group (p ! 0.01). 
sIgA+ Cell Subset in the Total B-Cell Population
Glomerular Infiltration of CD4+ and CD8+ Cells
Total mRNA Expression of Growth Factors in SMNCs
The levels of TGF-ß mRNA expression detected in pooled total RNA extracted from B-cell-depleted SMNCs from groups of 6 young and adult HIGA and BALB/c are shown in figure 2 . The results are shown as ratios versus GAPDH mRNA expression. The expression of TGF-ß mRNA in HIGA mice was higher than that in BALB/c mice in both young (0.413 and 0.201, respectively) and adult (2.558 and 1.872, respectively) animals. We also analyzed the total TGF-ß mRNA expression in SMNCs from individual animals without B-cell depletion. TGF-ß and TGF-ß1 mRNA expressions were equally elevated as shown in figure 3 , but there were no apparent differences in bFGF, PDGF-B or MCP-1 mRNA expression (data not shown).
Serum TGF-ß1 Concentration
The serum concentrations of TGF-ß1 were 10.77 B 1.69 and 19.71 B 2.40 ng/ml in HIGA mice, and 17.24 B 3.72 and 24.84 B 2.00 ng/ml in BALB/c mice at 15 and 60 weeks old, respectively. In contrast to the upregulated mRNA expression in kidneys, HIGA mice showed lower concentrations of TGF-ß1 in serum than BALB/c mice at all ages.
Discussion
As shown by the analyses of serum immunoglobulins and glomerular lesions [1] , wild-type ddY mice show very large individual variances that make it difficult to analyze the pathogenesis of glomerulonephritis. Therefore, we established HIGA mice, which show high serum IgA concentrations and glomerular lesions with minimal variance, and we examined several lymphocyte functions in comparison with BALB/c mice, which are also inbred and do not show serum IgA elevations or glomerular lesions.
No marked T-cell subset abnormalities in SMNCs were observed in our newly established high IgA-prone inbred (HIGA) mice, which serve as a murine model of IgA nephropathy with glomerulosclerosis, in comparison with normal BALB/c mice in either young or adult animals. The only exception was that the total T-cell ratio was significantly lower in young HIGA mice, but this gradually equalized with age. Although there were no significant differences in the total B-cell ratio in SMNCs between HIGA and BALB/c mice in any age group, the sIgA+ cell ratio in the total B-cell population was significantly higher in HIGA mice, particularly in young animals, and this was maintained in aged animals. In BALB/c mice, the lower ratio of sIgA+ cells in young mice decreased with age. Taken together with the wide pH range of serum IgA levels, as shown by isoelectric focusing (IEF) analysis and described previously [6] , the mating procedure used to establish HIGA mice was presumed to have selected for mice with highly expanded IgA-bearing B-cell clones, possibly as a result of accelerated IgA class switching of immunoglobulin-producing premature B cells.
The sIgA+ B-cell ratio was significantly higher in the young HIGA mice also having higher serum IgA concentrations than in control mice. Interestingly, in the adult HIGA mice the sIgA+ B-cell ratio was decreased slightly in contrast to the elevated serum IgA levels compared with young mice. These findings suggest that in HIGA mice not only the class switching to sIgA+ cells, but also the production and/or secretion of IgA from these cells was accelerated. In human IgA nephropathy, abnormally activated B cell function in the production of IgA has been reported to be a background factor in a number of patients with elevated serum IgA levels [14, 15] , although there was no evidence for increased numbers of circulating IgA-bearing B cells. The background factors that may influence the high concentrations of serum IgA and glomerular lesions that are common to both HIGA mice and IgA nephropathy patients should be investigated further.
Recently, the mechanisms of B-cell class switching to sIgA+ B cells and the mechanisms of IgA production were extensively studied and many cytokines were seen to be involved in these processes. Among these, TGF-ß plays an important role in specifically inducing IgA class switching in LPS-activated murine [16, 17] or human [18] B cells in vitro. This effect is enhanced by interleukin-2 (IL-2) [17] , IL-4 [19] and IL-5 [19] . IL-5 has the ability to induce IgA production from IgA-committed B cells if used independently [20] . In addition, the in vitro production of IgA is also increased by TGF-ß in murine B cells stimulated with LPS [21, 22] and in human B cells activated with anti-CD40 antibodies [23] . These effects are enhanced by the addition of IL-2 [19] , IL-5 [21, 22] or IL-10 [23] . Based on these findings, it is likely that TGF-ß is one of the key cytokines inducing high serum IgA levels in humans and in mice.
In human IgA nephropathy, the contribution of T-cell abnormalities to abnormally activated B-cell functions including increased T-helper cells [22] or in particular T·4 cells, which induce IgA class switching in immature B cells, have been reported [24] . Further support for the pathogenic role of T·4 cells in IgA nephropathy was presented by restriction fragment length polymorphism analysis of IgA nephropathy patients, which showed an increased frequency of the Sa1 allele gene region that mediates class switching from IgM to IgA [25] . Another study demonstrated an increased CD4/CD8 ratio in IgA nephropathy patients, and that depletion of CD8+ cells results in decreased IgA production in vitro [26] . In ddY mice, neonatal thymectomy or CD4+ cell depletion by monoclonal anti-CD4 antibodies diminished IgA deposition in the glomerulus [27, 28] . The present study showed that the number of CD3+ cells was significantly reduced in young HIGA mice. Furthermore, in contrast to the elevated CD4/CD8 ratio in IgA nephropathy patients [26] , that of HIGA mice was decreased compared with BALB/c mice. On the other hand, the analysis of infiltrating T cells showed a significant increase in CD4+ cells in HIGA mice. These findings suggest that it is not the systemic increase, but rather the local accumulation of CD4+ cells that are highly potent producers of TGF-ß, which might induce the glomerular lesions in this strain. Glomerular mesangial expression of TGF-ß, which was almost identically localized with IgA deposition [4] , suggests that TGF-ß secreted from the resident cells and from infiltrative CD4+ cells may conribute to the progressive glomerular matrix expansion in HIGA mice.
Lai et al. demonstrated that CD4+ cells from IgA nephropathy patients express increased amounts of TGF-ß mRNA compared to healthy controls [29, 30] . Furthermore, TGF-ß mRNA expression in these cells has been reported to be closely correlated with disease activity [31] . These findings suggest that TGF-ß functions as a stimulator both of IgA class switching and of glomerular mesangial matrix production in IgA nephropathy patients. In addition to that seen in the kidneys, the significant upregulation of TGF-ß mRNA expression in B-celldepleted SMNCs from young HIGA mice seen in this study indicate a similar immunopathological background for human IgA nephropathy. A relatively small difference in expression was observed betwen adult BALB/c and HIGA mice, which was thought to be related to the arrest in increasing serum IgA levels after 25 weeks of age in HIGA mice.
We also measured serum concentrations of TGF-ß1 in both HIGA and BALB/c mice to clarify whether TGF-ß acts systemically via blood circulation or locally in an autocrine or paracrine manner. In contrast to the upregulated TGF-ß1 mRNA expression in spleen T cells, serum levels of TGF-ß1 protein were lower in HIGA mice of all age groups than in BALB/c controls. Although this dissociation may possibly be due to the post-transcriptional regulation of TGF-ß production in lymphocytes, or due to the presence of other major sources of serum TGF-ß, it may also be explained to a certain extent by the lower ratio of CD3+ cells in the splenic cells of HIGA mice, which may lead to a reduction in total TGF-ß production by CD3+ cells. On the other hand, low serum TGF-ß levels and upregulation of TGF-ß1 mRNA in CD3+ cells and in kidneys indicate that TGF-ß may act in an autocrine or paracrine manner in the glomeruli or lymphoid tissue of HIGA mice, without being carried in blood circulation. The resident cells of the glomeruli such as mesangial cells can produce TGF-ß, too. Mesangial cells also respond to the TGF-ß and produce extracellular matrices. TGF-ß may be produced by increased infiltrating cells as well as resident cells, and it may act as paracrine or autocrine factor in the glomeruli which may induce overproduction of the extracellular matrices and lead to glomerular sclerotic lesions.
In conclusion, HIGA mice showed not only local but also systemic upregulation of TGF-ß mRNA expression in comparison with BALB/c mice. An abnormal genetic background may contribute to constantly elevated serum IgA levels and progression of glomerulosclerotic lesions with high mesangial IgA deposition in HIGA mice.
